Measurements of the dielectric loss by a resonant cavity technique at 9 and 24 kMc/sec are reported for CO 2 for densities up to 100 amagat and 25°C. Some additional data are reported at elevated temperatures. The loss, which increases in proportion to the frequency and very nearly as the square of the density is attributed to transient dipoles induced by the molecular electric quadrupole fields during molecular collisions. A theoretical analysis including the line shape is made to relate the loss to the pertinent molecular parameters and to permit an intercomparison with precise data available on the second dielectric virial coefficient. It is concluded that the microwave loss in quadrupolar gases may provide a sensitive method of getting information on the molecular quadrupole moments.
INTRODUCTION
T HE spectroscopic literature contains a number of examples of the appearance of transitions that are rigorously forbidden by the selection rules for the isolated molecules. The perturbations which cause these transitions may be due to strong external fields,l.2 which disturb the normal electron distribution, or to the intermolecular force fields between neighboring molecules, particularly in liquids and in gases at high pressures. a In the infrared region, for example, detailed studies have been made of the pressure-induced vibration-rotation spectrum4-6 and of the pure rotation spectrum of H 2 .7.8 At moderate pressures the integrated intensity is found to increase as the square of the density, and the widths of the rotational lines are extremely broad and insensitive to changes in pressure. These features indicate that the absorption is associated with bimolecular interactions and that the induced dipoles have a very short effective lifetime, of the order of the duration of a kinetic collision. These induced spectra can, therefore, provide useful information about the dynamic behavior of gases and the nature of the intermolecular forces.
Comparable effects have been noted in the microwave region. Weak absorption in the nondipolar gas CO2 has been reported by the authors,9 and measurable dielectric loss has been observed in this region for some nondipolar liquids. lo In both instances the effect of frequency shows that the measurements were on the low frequency side of an absorption region. Since the vibrational spectra are too far removed to be significant, this absorption can also be attributed to transient dipoles induced by the molecular forces. These effects, if large enough, should cause significant variations in the Clausius-Mossotti (C-M) function at elevated pressures. Unusually large deviations have, in fact, been observed in the case of CO2,u-l4 However, other effects, which would alter the dispersion and absorption only in the regions of the vibrational and optical spectra, may also affect the C-M function. Consequently, the study of pressure-induced microwave absorption provides a means of resolving, in part, the contributing factors.
For gases with substantial molecular electric quadrupole moments, such as CO2, absorption at the lower microwave frequencies would be expected to be due largely to dipoles induced by the quadrupole field, rather than by the shorter-range forces resulting from electron overlap and higher multiple moments. Theoretical analyses of the quadrupole effect on the dielectric constant and integrated absorption, based essentially on the methods of clsasical statistical me-9 G. Birnbaum, A. A. Maryott, and P. F. Wacker, J. Chern.
Phys. 22, 1782 (1954 In the present paper, the results of more extensive measurements of the dielectric loss in CO2, including the effect of temperature, are reported. Since these data involve the low-frequency wing of the absorption region, they provide no spectroscopic detail such as obtained from infrared studies on H2• In fact, it is unlikely that these heavier molecules would give any resolvable rotational structure because of the large linewidths. In order to correlate the dielectric loss with molecular parameters and with the related data on dielectric constant, we make use of the previous theoretical analysis of selection rules and intensities together with an expression for line shape which is derived in the Appendix.
EXPERIMENTAL
The apparatus and procedure for measuring the dielectric loss in gases by means of tunable, transmission-type cavities, and reference gases having negligible loss, have been described. 21 During the course of the measurements four cavities were used. The cavity modes and frequencies were as follows: T E0l2 and T Eois at 90S5 Mc (0.302 cm-I ); T Em and T EU2 at 9110 Mc (0.304 cm-I ); TE oI3 at 23340 Mc (0.778 cm-I ); and T EOl2 at 243S0 Mc (0.812 cm-l ). The loaded Q's varied from about 6000 to 30000.
Pressures were measured to an accuracy better than 1 %, with a set of Bourdon test gauges. Temperature was maintained to ± 1°C.
RESULTS
The loss factor was found to increase in proportion to the frequency and approximately as the square of the density. There is evidence, however, of a small negative term depending on a higher power of the density. The interpretation and significance of this latter term are not considered. The data at 2SoC, obtained with the various cavities and cavity modes, fit the relation is the molar volume at 1 atm and O°C) . 22 The data are shown graphically in Fig. 1 where e"jvp is plotted with respect to p. They fit the smooth curve represented by Eq. (1) with an average deviation of about 3%.
To show the effect of temperature, additional measurements were made with the T EOI2 cavity at 0.812 cm-I • Since the loss falls off rapidly with increasing temperature and these data are of more limited scope, it was not possible to make a reliable separation into quadratic and cubic terms in the density. The results, interpolated to selected densities, are given in Table 1 .
No effect on the loss attributable to impurities was noted. Measurements were made on a variety of samples without obtaining any experimentally significant differences. These included a sample of high purity used previously in accurate measurements of the dielectric constant, material generated from dry ice, material purified with silica gel, and several commercial samples containing small amounts of moisture. There was no evidence of any effect due to adsorption of gas on the walls of the cavities, since consistent results were obtained with different cavities and cavity modes. Measurements with the T EOl cavities, for example, should be insensitive to adsorption as the electric field vanishes at the walls. H account is taken of the anisotropy of the polarizability, simultaneous transitions in which both molecules undergo a rotational quantum jump are allowed. The intensities of these transitions are, however, much weaker. In the following considerations, effects of anisotropy will be neglected.
In addition to the rotational transitions, there are nonvanishing dipole matrix elements for transitions corresponding to .6J1=0, .6J2=O. These give rise to a nonresonant type of spectrum where energy is. absorbed directly into the translational degrees of freedom without the intermediate step of rotational excitation. It is of interest to note that a broad nonresonant spectrum, associated classically with a nonrotating component of the dipole moment, also exists in symmetric top molecules having permanent dipoles. In the latter case, conventional pressure broadening considerations apply and the spectrum has essentially a Debye-type line shape.
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It is thus apparent that, in general, the loss factor measured at an angular frequency w(w=271"Pc) will consist of many terms, including both resonant and nonresonant contributions, so that
J where I and Sew) are, respectively, the intensity and line shape factors. In order to determine the relative importance of the resonant and nonresonant contributions, we next examine the intensity and shape factors.
In a complete treatment, both the line shape and the 24 G. Birnbaum, J. Chern. Phys. 27, 360 (1957).
intensity should result from a given dynamic model of the interaction. In the subsequent analysis, however, the shape and intensity are considered independently. The total, or integrated intensity is obtained by the methods of classical statistical mechanics without regard for the translational motion, the relative intensities of the various allowed transitions being given by the quantum matrix elements. 24 Translational motion is then introduced to arrive at the line shape, which is then normalized so that one maintains the proper integrated intensity.
A. Intensity Factors
We may define, with the aid of the Kramers-Kronig relations, the total integrated intensity by26
where EO is the limiting value of the dielectric constant at frequencies below the dispersion region in question and Eoo is the corresponding value above the dispersion region. The individual shape factors in Eq. (2) 
where a is the (isotropic) polarizability, Q the quadrupole moment, and /(2J-1) (2J+3), (5b) where jJ is the fractional number of molecules in the rotational state designated by the quantum number J.
B. Line Shape
There appears to be no theory of line shape and line broadening applicable to the present case. 26a Theories based on conventional collision broadening of dipolar gases, such as the Van Vleck-Weisskopf relation,27 relate linebreadth to the frequency with which the radiation process is interrupted by molecular collisions. The duration of a collision is taken to be negligibly short compared to the mean time between collisions. Line shape is then derived from a Fourier integral treatment of the resulting series of wave trains of constant amplitude and frequency. In the present case, the magnitude of the dipole moment varies rapidly with the intermolecular separation so the molecules become effective absorbers or emitters only during the time of close approach. For molecules in ordinary thermal motion and for the range of densities of interest, this time is short compared to the time between collisions. Consequently, the linebreadth will not depend on the density of the gas, but rather on certain parameters describing the effective duration of a collision. Also, in contrast to gases with permanent dipoles, one would expect the line shape to be sensitive to the collision dynamics and to the nature of the intermolecular forces.
To derive a line shape factor, we make a Fourier integral analysis of the spectrum associated with a dipole moment met) varying in time as 
Averaging over the velocity distribution does not lead to a simple explicit relation in the case of the rotational transitions. To estimate the effect of these transitions, however, we may approximate S(W)J.J+2 by using (1/v) in Eq. (7). Computations on CO 2 indicate that the loss from the rotational lines is not significant compared to the nonresonant contribution, S(Wh.J+2 for the more intense lines being much smaller than S(w) nonresonant. Then Eq. (2) reduces to
when the classical limit of (EO-E oo )/4 is taken for L:.h.J and the rotational transitions are neglected.
Discussion of Data
The observed loss and Eq. (9) can be used to compute the effect of quadrupole-induced dipoles on the C-M function. It is convenient, by analogy with the virial expansion of the equation of state, to expand this function in the form where V m is the molar volume. The second "dielectric" virial coefficient B is then a measure of the deviations from the limiting value A that are due to binary interactions. To distinguish between the effect of dipoles induced by the molecular force field and effects which persist at much higher frequencies, let B=Bo+Boo. After substituting EO-Eoo=3BoP2/V2sTP and w= 21T' IIC, Eq. (9) gives 14 VSTp 2 (e"/lIp2) find Eo+Eoo= 60± 10 cm 6 mole-2 at 25°C, whereas the data of Cole l4 (46±3 cm 6 mole-2 at 75°C and 50±3 cm 6 mole-2 at 50°C) extrapolate to a value of about 55 cm 6 mole-2 at 25°C. The main contribution to Eoo is probably an effect on the optical polarization first considered by Kirkwood. 30 In this case, the dipoles induced by the applied field are enhanced by the mutual dipole-dipole interactions of the pair. Computations l6 indicate that this contribution is about 8 cm 6 mole-2 . That the optical effect is relatively small is substantiated by measurements of the refractive index,al which show only a very slight variation in the LorentzLorenz function with density. Thus, Eo may be assigned a value in the neighborhood of 50 cm 6 mole-2 on the basis of the dielectric constant data. This is virtually the same as the value derived indirectly from the dielectric loss.
It is of interest to note that intercomparison of the data on dielectric constant and loss does not depend on the value of the quadrupole moment or on the nature of the pair distribution function, except in a rather insensitive manner through the collision diameter boo However, the value of Eo derived from the dielectric loss is critically dependent on the line shape considerations. The assumption of straight-line trajectories for the close collisions that are of particular importance is certainly an oversimplification, but introduction of the curves and orbiting paths that result from a realistic intermolecular potential would greatly complicate the problem. With the line shape for the low frequency wing expressed in the form, WTeff, the effective relaxation time Tef! is a measure of the collision duration and should be roughly of the order of bolv. It would appear rather fortuitious that the assumption of straightline paths, for which Tef!= 37fbo (l/v )17, leads to such a close correlation with the dielectric constant data. On the other hand, this agreement provides some justification for using this expression for Tef! in considerations of other gases.
With regard to the effect of temperature, ·Eqs. (4) and (9) Table I show a somewhat greater variation with temperature than predicted, ,," at constant density being proportional to ]'-2.4. This comparison, however, is not entirely appropriate, since these data refer to the total loss rather than to the part showing a quadratic dependence on density. Unfortunately the data at the higher temperatures are not adequate to permit a separation of the quadratic and cubic terms, and there is, at present, little basis for predicting the effect of temperature on the cubic term. In view of this limitation, together with the experimental uncertainties, the difference between the observed and predicted effects of temperature is not regarded as very significant.
In conclusion, it would appear that microwave measurements of the dielectric loss in quadrupolar gases may provide a useful method of getting information on the quadrupole moments. Although the treatment of line shape must be regarded as rather tentative and simplified, the present analysis correlates quite satisfactorily with the observations on dielectric constant and dielectric loss. Specific consideration of quadrupole moments is deferred, however, to the following paper3 2 where measurements have been extended to other gases.
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APPENDIX
In the usual Fourier integral treatment of line shape, one considers the radiation from permanent dipoles whose oscillations are interrupted at random by collisions with other molecules. This radiation consists of a series of wave trains of constant amplitude, the duration of the wave trains being determined by the time between collisions. As is well known, the resulting analysis leads to a line shape of the Lorentzian type. On the other hand, when the dipoles are induced by the molecular force fields, they become appreciable in magnitude only when the intermolecular separation is of the order of the molecular dimensions. For moderate densities, the time interval of interest is much shorter than the mean time between collisions. For molecules in ordinary thermal motion, the radiation now consists of a series of very short pulses whose amplitude and shape is determined by the intermolecular forces. where Wo is the angular frequency of the rotating dipole, rp a random phase factor, r(t) the intermolecular separation, and n the exponent of the force law. To make the problem tractable, we assume that the collision trajectory is a straight line so that (A2) v being the relative velocity, Xo the position on the trajectory at time t=O, and b the nearest distance of approach. The gas is considered to be sufficiently dilute so that only pair interactions are of any importance.
We neglect, for the present, the distribution of relative velocities and assume that the spectral frequency distribution is given by where G is some constant, U is the impact cross section, and m(w), the Fourier transform of m(t), is given by
where
Zo-=bo(w+wo)/v and zo-=bo(1 W-WQ i)/v.
We next allow for the case of kinetic collisions. Since the molecules are strongly deflected, Eq. (A2) is obviously not to be taken literally. However, a reasonable allowance for the effect of these collisions can be obtained if b is replaced by the molecular diameter boo Then we may employ Eq. AS, with bo substituted for b, to obtain
Basset's formula 33 may be used to evaluate m(w). Then it can be shown that
The For even values of n,
For the quadrupole field n=4(N=2), the shape factor becomes
In order to satisfy the requirement for the integrated loss, namely, Gil = 271'wvbofi /7 and the normalized shape factor be- A search for dielectric loss in the nondipolar gases, He, Ar, ClL, SFe, H2, C2Ha, NI , and C2H, was made at a frequency near 24 kMc and for densities not exceeding 100 amagat. For the first six gases, the loss factor was immeasurably smail, less than 2XIQ-7, at the maximum density. The loss observed in nitrogen and ethylene is attributed to transient dipoles induced by the molecular quadrupole fields during binary collisions. From the data on the quadrupolar gases, including previous results on CO2, values of the quadrupole moments (or upper limits where no loss was observed) are derived which are in reasonable agreement with other estimates.
INTRODUCTION

P
RESENT knowledge of molecular quadrupole moments l is limited and, for the most part, quite tentative. Generally applicable direct methods of measurement are not yet available and, except in the simplest cases (e.g., H2), theoretical calculations based on electronic wave functions are of uncertain reliability. On the other hand, the comparatively long range and angular dependence of the quadrupole field make the quadrupole moment an important parameter in the molecular description of various physical properties and processes. It is, in fact, indirectly through such behavior that much of the current information on quadrupole moments has been obtained.
In the preceding paper,2 it was shown that the nondipolar gas CO2 exhibits appreciable dielectric loss in the microwave region below 1 em-I, the loss increasing very nearly as the square of the density and becom-ing readily measured at pressures above 10 atm. The magnitude of this loss and its functional dependence on density, frequency, and temperature were reasonably explained in tenns of transient dipoles induced by the molecular quadrupole fieles during binary encounters. It was therefore suggested that the study of microwave loss in quadrupolar gases might provide a sensitive method of getting infonnation on the quadrupole moments. To investigate this possibility, data are now reported for other gases. These measurements are limited to a frequency near 24 kMc/sec and to densities not exceeding 100 amagat. Several gases lacking quadrupole moments are included to detennine whether other interactions, such as result from higher multipole moments or repulsive forces, also give detectable loss under these conditions. EXPERIMENTAL 
RESULTS
The apparatus and procedure were the same as in I. Measurements were made at a wave number of 0.812 cml (24350 kMc/sec) and at 25°C. The gases were commercially available samples of high purity.
